During an outbreak of foot-and-mouth disease (FMD), real-time reverse transcription-PCR (rRT-PCR) is the most commonly used diagnostic method to detect viral RNA. However, while this assay is often conducted during the outbreak period, there is an inevitable risk of carryover contamination. This study shows that the carryover contamination can be prevented by the use of target-specific restriction endonuclease in that assay.
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oot-and-mouth disease (FMD) is a socioeconomically important disease that affects cloven-hoofed domestic and wild animals (1-3). Thus, a rapid and accurate diagnosis of FMD virus (FMDV) is a crucial requirement to control the disease effectively. Real-time reverse transcription-PCR (rRT-PCR) combined with an automated nucleic acid extraction process has been successfully used due to its high-throughput screening capacity, high accuracy, and ease of data acquisition and handling (4) (5) (6) . However, in a clinical diagnostic laboratory, the amplicon produced by rRT-PCR can be a source of contamination (7, 8) , and this contamination is likely to be substantial in the case of large and long-lasting outbreaks. The process of decontamination is usually cumbersome because it is difficult to find the sources of the contamination and to measure the extent of it. In this case, the carryover contamination in rRT-PCR is easier to detect than that in RT-PCR because rRT-PCR generally has higher analytical sensitivity than conventional RT-PCR (9-11). DNase I and uracil DNA glycosylase (UNG) have been used in rRT-PCR to prevent carryover DNA (12) (13) (14) . However, there are some limitations: DNase I must be inactivated before the normal processes of rRT-PCR, and UNG degrades only uracil-containing contaminating DNA. In relation to this, a new method using single or multiple restriction endonucleases has been reported to neutralize the contaminating DNA during RT-PCR (15, 16) . In principle, this is a one-step process completed in a closed tube so that it can overcome the constraint of the usage of DNase I (15) , and the protocol does not need the incorporation of dUTP in the PCR products. However, this has not been practically applied for the routine diagnosis of viral disease. In this study, we have developed and validated an FMDV-specific rRT-PCR using restriction endonuclease, preventing carryover DNA, and we call this kind of assay restriction endonuclease-aided rRT-PCR (rerRT-PCR).
One-step rRT-PCR, which has been validated extensively to detect pan-serotypes of FMD (6, 10, 17) , was considered for this study, and restriction enzyme sites were searched for the amplifiable target region of that assay, a part of the FMDV RNA-dependent RNA polymerase gene (3D), for a Korean isolate (O/Andong/KOR/2010, GenBank accession no. KC503937) (Fig. 1) . The rerRT-PCR was validated on the two different Korean isolates, O/Andong/KOR/2010 and A/Pocheon/KOR/ 2010 (GenBank accession no. GU441855). Both isolates were propagated and titrated in ZZ-R cells (CCLV-RIE 127), a fetal goat tongue epithelial cell line which was provided by Mattias Lenk (FLI, Jena, Germany). Viral RNA was extracted using an automated nucleic acid purification system, MagNA Pure 96 (Roche Applied Science, Penzberg, Germany). For the preliminary study, the TOPreal one-step quantitative RT-PCR kit (Enzynomics, Inc., South Korea) or the AgPath-ID one-step RT-PCR kit (Applied Biosystems, Foster City, CA, USA) was used as the basal kit to which a panel of restriction endonucleases were added. Except for the optional hold at 37°C for 10 min for rerRT-PCR as the initial step, there was no difference in assay conditions between rRT-PCR and rerRT-PCR: a 10-min RT step at 45°C, a 10-min inactivation step at 95°C, and a 45-cycle PCR program (95°C for 15 s and 60°C for 45 s).
Eight different applicable restriction endonucleases (Enzynomics, Inc., South Korea) were compared as a component of rerRT-PCR for their performance in neutralizing doublestranded DNA (dsDNA) (about 10 7 copies of preamplified PCR product) (Fig. 2) . Only two of them, HaeIII and TaqI, appeared to neutralize the substrate by more than 99.99% in rerRT-PCR ( Fig. 2A) . However, HaeIII had an inhibitory effect on detecting viral RNA at high numbers of units; TaqI did not show any inhibitory effect (Fig. 2B) . Thus, TaqI, which has been purified from the extreme thermophile Thermus aquaticus and is known to become active at a range of temperatures up to 70°C (18) , was selected as a component of rerRT-PCR.
The substrate specificity and digestion efficiency of TaqI were examined on various 5=-32 P-labeled nucleic acid substrates such as dsDNA, ds(RNA-DNA), or single-stranded RNA (ssRNA) (Fig.  3) . The reaction mixture of TaqI and each substrate (20 fmol) was incubated at 37°C for 60 min and analyzed on 15% native and denaturing PAGE gels, followed by quantification using a PhosphorImager (FLA-7000; Fujifilm, Japan). The degradation of dsDNA was dependent on the number of units of TaqI, but there was no cleavage of ssRNA or ds(RNA-DNA) hybrid by that restriction enzyme even though there were recognition sites for it (Fig. 3) . In accordance with these results, TaqI has been reported to show higher activity on dsDNA than on ssRNA or RNA-DNA hybrid (19) .
To degrade highly diluted DNA amplicons of serotype O, estimated to have less than 10 2 copies of DNA amplicon (quantification cycle [C q ], 38.39), to a level undetectable with rerRT-PCR, at least 100 units of TaqI should be used (Fig. 4A) , and at this level, about 10 3 copies of DNA amplicons of serotypes O and A could be efficiently digested (Fig. 4B) .
Importantly, the diagnostic sensitivity of the rerRT-PCR for FMDV was comparable to that of its prototype rRT-PCR against various viral samples; there was only a slight delay in determination of the C q values in rerRT-PCR for the serially diluted viral samples (Table 1) . Moreover, between those two assays, the linear correlation coefficient for the C q values of the 157 positive samples, which were collected from the affected area or employed for test controls during the FMD outbreaks from 2010 to 2011, was 0.958 (Fig. 5) . It is noticeable that 50 weakly positive results, which occasionally appeared in the field-negative or negative-control samples with rRT-PCR (shown at the top right space in the graph) are cleared with rerRT-PCR, which has been performed in parallel with the rRT-PCR; these are false-positive results and considered to be from carryover DNA (Fig. 5) .
With the sequence analysis, there are one or two TaqI recognition sites within the amplifiable genomic region in 74.6% (372/ 499 isolates) of the FMDV sequences retrieved from GenBank (data not shown), and in most cases, 93.5% (348/372), TaqI rec- ognition sites existed dually at nucleotides 28 to 31 and 38 to 41 along the DNA amplicon of 107 bp, as shown in Fig. 1 . Because all the sequences from South Korea, China, Mongolia, Taiwan, and Vietnam are observed to have a TaqI recognition site(s) in that fragment, this rerRT-PCR for FMDV is expected to be applicable regionally at least.
In this study, it was possible to prevent carryover of DNA by incorporating a restriction endonuclease, TaqI, into rRT-PCR for the detection of FMDV. During FMD outbreaks, this tool has proved that some false-positive results were occurring from carryover DNA, and this tool could be a rapid solution to deal with such a problem until the source of the contamination is cleared. It may be worth applying this principle to the rRT-PCRs for other transmissible diseases entailing the risk of carryover contamination from dealing with massive numbers of samples in a short period.
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